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Shear localization in an aqueous clay suspension of Laponite is investigated through dynamic light
scattering, which provides access both to the dynamics of the system (homodyne mode) and to the
local velocity profile (heterodyne mode). When the shear bands form, a relaxation of the dynamics
typical of a gel phase is observed in the unsheared band soon after flow stop, suggesting that an
arrested dynamics is present during the shear localization regime. Periodic oscillations of the flow
behavior, typical of a stick-slip phenomenon, are also observed when shear localization occurs. Both
results are discussed in the light of various theoretical models for soft glassy materials.
Introduction
Under the influence of a shear flow, many complex flu-
ids exhibit the formation of macroscopic bands, parallel
to the flow direction and characterized by different lo-
cal shear rates. This phenomenon is called shear banding
and is attributed to the presence of a decreasing branch
in the stress-shear rate curve: in a controlled shear exper-
iment, it is observed when the stress falls in the interval
where the so called flow curve is multivalued. Experimen-
tally, shear banding has mainly been observed in a class of
complex fluids, like wormlike micelles [1, 2, 3, 4], colloidal
crystals [5], or lamellar surfactant systems [6, 7], where a
phase transition associated to the microstructure occurs
under flow. As described by various theoretical models
[8, 9, 10, 11, 12], in such systems an ordered phase co-
exists with a disordered one during the shear banding
regime.
However, shear banding has also been observed in soft-
glassy materials [13], like foams [14, 15], emulsions [16],
or glassy suspensions [16, 17, 18], where a homogeneous
structure is kept throughout the system. To our knowl-
edge, few experimental results are available in the liter-
ature for this class of systems [15, 16, 17, 18], while the
microscopic origin of the phenomenon is poorly under-
stood. Soft-glassy materials are characterized by a vis-
cosity that increases many orders of magnitude as time
evolves and the gelation process proceeds (aging behav-
ior), and have rheological properties typical of soft solids,
such as solid-like behavior below a finite yield stress and
shear thinning effect [20]. At the microscopic level, the
gelation process corresponds to a slowing down of the
structural relaxation with the elapsed time, while shear
thinning results from the system structural dynamics be-
ing accelerated by a shear flow (shear rejuvenation).
A shear banding behavior is expected for such systems,
due to the presence of a yield stress, that provides a mul-
tivalued region in the flow curve. When heterogeneous
flow emerges, a band with null local shear rate, flowing
as a solid block, may coexist with a band flowing at a fi-
nite local shear rate. This behavior has been called shear
localization and, according to numerical and theoretical
models [22, 23], is associated to a dynamical transition:
an arrested dynamics characterizes the unsheared band,
while the sheared band exhibits a liquid-like behavior.
Moreover, these works have evidenced the emergence of
a fluctuating shear banded flow, a phenomenon also ob-
served in non glassy shear banding systems [24]. In order
to describe this fluctuating behavior, a model accounting
for intermittent plastic and elastic events has been de-
veloped [25, 26]. At the experimental level, a fluctuating
shear banded flow has been observed in glassy suspen-
sions [17, 18] and in emulsions [14, 15], while direct inves-
tigation of the system dynamics when shear localization
occurs is still missing.
Among others, proper candidates for the study of the
shear localization phenomena are suspensions of charged
anisotropic colloidal particles such as clay, that have been
widely investigated both for their important industrial
application [29] and as a prototype of glassy systems
[30]. In particular, shear localization have been observed
in such suspensions through magnetic resonance imaging
(MRI) [16, 28] or visualization techniques [17].
In this paper, we investigate the shear localization phe-
nomenon in an aqueous clay suspension of Laponite, a
highly thixotropic liquid which undergoes structural ar-
rest. We are both interested in the study of the system
dynamics when the shear bands form and in the fluctu-
ating flow phenomenon. The technique that we use is
dynamic light scattering (DLS), which provides access
both to the dynamics of the system after shear cessation
(in the homodyne mode) and to the local velocity profile
during the flow (in the heterodyne mode). In particular,
once a shear banding profile has been detected, we mon-
itor the evolution of the system dynamics soon after flow
cessation in the unsheared band. A relaxation of the dy-
namics typical of a gel phase is observed, suggesting that
an arrested dynamics characterize the flat band. For the
investigation of the fluctuating flow instead, the hetero-
dyne mode provides higher spatial and temporal resolu-
tion than MRI or other techniques, previously used to
detect the velocity profile when a shear banding fluctu-
ating flow occurs in glassy suspensions [17, 18]. We thus
observe periodic oscillations in the flow, which are typ-
2ical of a stick-slip behavior: a layer reversibly fractures
and reheals, fluctuating between a frozen state (slip) and
a fluidized state (stick). Our results on the dynamics of
the sheared banding system and on the fluctuating be-
havior of the velocity profile will show strong analogies
with the elastoplastic model of Ref. [25], which describes
the flow behavior of a yield stress fluid.
Materials and methods
Aqueous Laponite suspensions have been extensively
investigated as a model system for glassy suspensions
[31, 32, 33] and the rejuvenating effect of a shear flow on
the system dynamics have also been studied [34, 35, 36].
Laponite particles are disk shaped with a diameter of 25
nm and 1 nm thickness and get negatively charged on
the faces when dispersed in a polar solvent. For our ex-
periments, Laponite powder, provided by Laporte Ltd,
is dispersed in ultrapure water at 3% wt concentration
and stirred for about 30 min. The obtained suspension,
which is optically transparent and initially ”liquid”, is
loaded through a 0.45 µm filter into a home made, disk-
disk shear cell for DLS measurements. The cell has a
glass disk, of diameter d = 10 cm, as the rotating plate,
and an optical window as the static plate. The cell gap
is h = 7 mm and we fix conventionally the y axis along
this direction, corresponding to the velocity gradient di-
rection under flow.
In the set-up we implemented for DLS measurements
[37], an incident laser beam (diode pumped solid-state
laser, λ = 532 nm, P = 150 mW) impinges on the sam-
ple passing through the optical window. The scattered
light pass through the same window and is collected by
a mono-mode optical fiber. Optionally, it can interfere
with a coherent local oscillator field (heterodyne mode)
through a fiber collection apparatus. Collected light is
then detected by a photomultiplier and analyzed by a
home made software correlator [36]. The scattering ge-
ometry is fixed, with a scattering vector q = 22 µm−1.
We placed the shear cell in order to have the scattering
volume positioned at a radial distance of 2.1 cm from the
rotational axis.
The shift of the cell allows us to select the position of
the scattering volume in the cell gap and the possibil-
ity of choosing a heterodyne correlation scheme enables
direct access to the detailed velocity profile [38]. Due
to Doppler effect, the velocity v of the particles in the
scattering volume can indeed be obtained from the fre-
quency ω of the collected oscillating intensity in hetero-
dyne mode: v = ω/(q cos qˆv), where q cos qˆv is fixed by
the scattering geometry. The frequency ω is simply ob-
tained as the peak location in the power spectrum of the
intensity fluctuations, acquired in a time interval 0 ÷ T .
The maximum time resolution that we can achieve with
this measurement, at a fixed position of the scattering
volume in the gap, is T = 10−2 s, while the spatial reso-
lution is determined by the scattering volume dimensions
∼ 100 µm.
The dynamics of the system can be investigated
through the normalized correlation function of the
scattered intensity (homodyne mode) g(2)(t′, t) =
〈I(q, t)I(q, t′)〉/〈I(q)〉2, which is easily represented in
terms of the particle correlation function. In partic-
ular, homodyne DLS directly probes the intermediate
scattering function of the colloidal particles Fq(t, t
′) =
〈ρ−q(t)ρq(t
′)〉/〈|ρq|
2〉, which plays a central role in both
theoretical and numerical approaches to glassy dynam-
ics: g(2)(t, t′) = 1 + |Fq(t, t
′)|2 [39]. However, due to
geometrical decorrelation effects during the flow [40], the
intermediate scattering function cannot be detected when
the system is under shear. Therefore, we will follow the
system dynamics soon after shear cessation and try to de-
duce some information on its dynamical behavior during
the flow. In classical DLS, the correlation function is cal-
culated as an average over the time-origin. In aging sys-
tems, this is possible when the experimental acquisition
time needed to get a good signal to noise ratio is longer
than the characteristic slow relaxation time of the sys-
tem τs and shorter than the time one should wait before
changes in τs, due to the aging process, are significant.
This condition doesn’t hold when the aging dynamics is
characterized by a very fast evolution, as it happens soon
after flow cessation in a shear banding Laponite sam-
ple. Therefore, we cannot obtain the intensity correla-
tion function by time averaging and an ensemble average
over many rejuvenating experiments is used instead [36]:
g(2)(tw , t) = 〈I(q, tw)I(q, tw+t)〉e/〈I(q, tw)〉
2
e, where 〈..〉e
indicates the ensemble average over several intensity evo-
lutions acquired after cessation of a repeated shear appli-
cation. Flow stop is taken as the origin of waiting times
tw. We choose the following protocol: a global shear rate
γ˙1 is applied to the system for a time interval T1; after
shear cessation, the intensity fluctuations are collected
for a time interval T0 with a time resolution of dt; then a
shear rate of the same value γ˙1 is applied for T1 and the
cycle starts again. The intensity autocorrelation func-
tion is then calculated in the time window dt÷T0, as an
ensemble average over all the bunches of counts.
Results I. Investigating the dynamics
When a shear rate of the order of 1 s−1 is applied
to Laponite samples that have reached dynamical ar-
rest, shear localization phenomenon is often observed,
as shown in the inset of Fig. 1. Here the velocity profile
along the cell gap, measured through heterodyne DLS,
is plotted: a flat band forms next to the static window,
while wall slip occurs at both sides. According to theoret-
ical models [22, 23], soft glassy materials exhibiting shear
localization are characterized by an arrested dynamics in
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FIG. 1: Normalized intensity autocorrelation functions mea-
sured in the flat band soon after shear cessation. Correla-
tion functions are obtained through an ensemble average over
many shearing experiments for 7 logarithmically equidistant
waiting times tw between 3 s and 67 s (from left to right) after
shear cessation. A compressed exponential fit exp[−(t/τs)
β]
is also plotted for each curve. The β parameter fluctuates
between 1 and 2. In the inset, the velocity profile of the fluid
during the experiment is reported and the arrow represents
the position of the scattering volume where the measurements
were performed. The full circle represents the plate velocity
to evidence the presence of wall slip.
the unsheared band. We thus want to investigate the
dynamics of our sample in the flat band. As we cannot
access directly the dynamical behavior of the system dur-
ing the flow, we will follow the dynamics in the flat band
after shear cessation and then deduce some information
on the shear localization regime.
Through the acquisition method explained above, we
monitor the evolution of the correlation functions with
the waiting time since flow stop, as shown in Fig. 1.
These data seem to evidence an aging behavior after
shear cessation, as if the flow had a rejuvenating effect
on the dynamics of the flat band. However, a null shear
rate is not supposed to modify the structure of the sys-
tem and induce an acceleration of the structural dynam-
ics [21]. In order to exclude that the observed behavior is
due to any residual shear rate in the flat band, we mon-
itor the dynamics after the application of a small strain
to a gelled sample. In this case, the flow should not
modify the structure of the system, as it is supposed to
deform only elastically the material. Therefore, a strain
∆x/h = 0.3 of the duration of 1 s is applied cyclically to
a gelled sample and the intermediate scattering function
soon after strain application is measured as an ensemble
average, following the same procedure already described.
As evidenced in Fig. 2, an aging dynamics is still evident
after flow cessation, showing that such behavior is not
due to a shear rejuvenating effect. Though the structural
relaxation time scales differently with tw in the two ex-
periments, the intermediate scattering functions exhibit
a similar form in the range of tw here investigated. In
particular, all correlation functions are well fitted by a
compressed exponential: exp[−(t/τs)
β ] with β > 1 (Fig.
1 and Fig. 2).
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FIG. 2: Normalized intensity autocorrelation functions mea-
sured in the flat band soon after the application of a small
strain ∆x/h = 0.3. Correlation functions are obtained
through the ensemble average procedure for 5 logarithmically
equidistant waiting times tw between 3 s and 17 s after flow
cessation. A compressed exponential fit exp[−(t/τs)
β] is also
plotted for each curve. The parameter β fluctuates between
1 and 1.5.
Such behavior of the intermediate scattering function
can be interpreted, in the light of a model developed
to describe anomalous dynamical light scattering in soft
glassy gels [41], as due to elastic relaxation of internal
stress. In the model, the system behaves as an elastic
medium and force dipoles appear at random in space
and time, inducing micro-collapses of the structure. The
decorrelation of light scattered by the model system is
not due to the dynamics of single scatterers, but to a
drift mechanism of big aggregates of particles and results
in a correlation function of the form exp[−(t/τ)1.5]. Also
an aging behavior is accounted for by the model, where
it is interpreted in terms of strain-dependent energy bar-
riers. As suggested by this model for soft glassy gels, the
Laponite sample seems to behave as an elastic medium,
which relaxes to equilibrium after the application of a
stress through micro-collapse events. The observed re-
laxation of the dynamics after flow cessation is thus co-
herent with the presence of an arrested (gel) phase during
the flow in the unsheared band.
The investigation of the system dynamics in the
sheared band has already been described elsewhere [36].
There we monitored, through the same DLS technique,
4the evolution of the intermediate scattering functions af-
ter a shear flow is applied to a dynamically arrested
Laponite sample. The same qualitative behavior is ob-
served in the form of the correlation functions and in their
evolution with tw. This result seems to be in contrast
with the models describing shear localization in soft-
glassy materials [22, 23], where a dynamical transition is
expected: in such models, the unsheared band is charac-
terized by an arrested dynamics, while the sheared band
exhibits a liquid-like behavior. In the Laponite sample
instead, the dynamics relaxation observed in the sheared
band after flow cessation suggests the presence of a gel
phase, as observed in the unsheared band. The problem
may be solved by supposing that, though the sample is
sheared, aggregates of gel phase, larger than the scat-
tering volume (∼ 100 µm), exist and slip one over the
other during the flow. After shear, the dynamics in the
scattering volume would thus be characterized by a gel
behavior also in the sheared band. Further experiments
should be made to clear up if such nonhomogeneous flow
is effectively present in the sheared band.
Results II. Oscillations in the flow behavior
Here we report about the observation of periodic oscil-
lations of the shear banding velocity profile, exhibited
by very old samples. By monitoring the evolution of
the particle velocity through heterodyne DLS, at differ-
ent positions along the gap, we are able to rebuild the
two extreme profiles among which the system oscillates.
An example is represented in Fig. 3, where is evident
that the velocity profile oscillates among a configuration
where the shear is localized next to the rotating plate
and a configuration with a linear profile. Most of the
time, the system lies in an intermediate profile between
the two. The oscillation period is larger than the disk
rotation period and remains constant on the timescale of
the hours.
Periodic oscillations of the flow behavior when shear lo-
calization occurs have been predicted by the phenomeno-
logical model presented in Ref. [23] and are here observed
for the first time by directly accessing the velocity profile
with a high enough time resolution. In the theoretical
model, such behavior is interpreted as a stick-slip phe-
nomenon: when shear localization occurs, a diverging
viscosity characterizes the unsheared band, which thus
slips on the wall; while in the linear profile configuration,
the system has a liquid-like behavior and sticks on the
wall.
Conclusions
Summarizing, the investigation of the shear localiza-
tion phenomenon on a Laponite sample have provided
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FIG. 3: A global shear rate Γ˙ = 4.5 s−1 is applied to a very
old Laponite sample and the velocity profile is observed to
oscillate between the two extreme profiles plotted. The time
period is T ≃ 23 s. In the inset, the oscillations of the particle
velocity when the scattering volume is at y/h = 0.4 (top)
and y/h = 0.7 (bottom) are plotted. The small and fast
oscillations visible in the bottom curve of the inset have the
same period of the disk rotation Trot ≃ 4 s. They are due to
a slight misalignment of the rotational axis (with respect to
the orthogonal to the window plate), which induces a small
oscillation of the gap width (∼ 8%).
two main results: i) through homodyne DLS, the re-
laxation of the structural dynamics has been followed
in the unsheared band soon after flow stop and a stress
relaxation behavior, typical of a gel phase, has been evi-
denced; ii) through heterodyne DLS, periodic oscillations
of the shear banding profile, reminiscent of a stick-slip
phenomenon, have been observed. Taking into account
both the oscillating flow behavior and the stress relax-
ation mechanism, our experimental results strongly sup-
port the elastoplastic model proposed in Ref. [25] to
describe the flow behavior of a yield stress fluid. Two
generic ingredients build up the model, leading to a com-
plex spatiotemporal behavior of the system: local plastic
events occur above a microscopic yield stress and nonlo-
cal elastic release of the stress follows [27]. At low shear
rates, an intermittent flow localization emerges, with spa-
tially correlated structures forming parallel to the walls;
while at high shear rates the flow is homogeneous. The
stress relaxation behavior and the oscillating flow local-
ization that characterize this model have both been ob-
served in our experiments on a Laponite sample. This
suggests that such elastoplastic mechanism takes place in
the sample, and our two main results may be interpreted
as two different aspects emerging from this mechanism.
5∗ Electronic address: francesca.ianni@phys.uniroma1.it
[1] J. F. Berret, D. C. Roux and G. Porte, J. Phys. II, 4,
1261, (1994).
[2] M. M. Britton, R. W. Mair, R. K. Lambert, and P. T.
Callaghan, J. of Rheol. 43, 4, 897 (1999).
[3] E. Fischer and P. T. Callaghan, Phys. Rev. E, 64, 011501,
(2001).
[4] J. B. Salmon, A. Colin, S. Manneville, F. Molino, Phys.
Rev. Lett. 90, 228303, (2003).
[5] L. Chen, M. Chow, B. Ackerson and C. Zukosky, Lang-
muir 10 2817 (1994).
[6] A. S. Wunenburger, A. Colin, J. Leng, A. Arnodo and D.
Roux, Phys. Rev. Lett. 86, 1374 (2001).
[7] J.B. Salmon, S. Manneville and A. Colin, Phys. Rev. E,
68, 051503, (2003).
[8] N. A. Spenley, M. E. Cates and T. C. B. McLeish, Phys.
Rev. Lett. 71, 939, (1993).
[9] P. D. Olmsted, C.-Y. D. Lu, Phys. Rev. E 56, 55 (1997).
[10] C.-Y. D. Lu, P. D. Olmsted and R. C. Ball, Phys. Rev.
Lett. 84, 642 (2000).
[11] J. K. G. Dhont, Phys. Rev. E 60, 4534 (1999).
[12] S. Butler and P. Harrowell, Nature, 451, 1008, (2002).
[13] P. Sollich, F. Lequeux, P. He´braud, and M. E. Cates,
Phys. Rev. Lett., 78, 2020, (1997).
[14] G. Debre´geas, H. Tabuteau and J. M. di Meglio, Phys.
Rev. Lett. 87, 178305 (2001).
[15] J. Lauridsen, G. Chanan and M. Dennin, Phys. Rev.
Lett. 93, 018303 (2004).
[16] P. Coussot, J. S. Raynaud, F. Bertrand, P. Moucheront,
J. P. Guilbaud, H. T. Huynh, S. Jarny and D. Lesueur,
Phys. Rev. Lett. 88, 218301 (2002).
[17] F. Pignon, A. Magnin and J.-M. Piau, J. Rheol. 40, 573
(1996).
[18] W. M. Holmes, P. T. Callaghan, D. Vlassopoulos and J.
Roovers, J. Rheol. 48, 1085 (2004).
[20] R. G. Larson, The structure and rheology of complex flu-
ids, Oxford University Press, New York, (1999).
[20] R. G. Larson, The Structure and Rheology of Complex
Fluids, Oxford University Press (1999).
[21] M. Fuchs, M. E. Cates, Phys. Rev. Lett. 89, 248304
(2002).
[22] F. Varnik, L. Bocquet, J.-L. Barrat and L. Berthier,
Phys. Rev. Lett. 90, 095702 (2003).
[23] G. Picard, A. Ajdari, L. Bocquet and F. Lequeux, Phys.
Rev. E 66, 051501 (2002).
[24] S. M. Fielding and P. D. Olmsted, Phys. Rev. Lett. 92,
084502 (2004).
[25] G. Picard, A. Ajdari, F. Lequeux and L. Bocquet, Phys.
Rev. E 71, 010501 (2005).
[26] A. Tanguy, F. Leonforte and J.-L. Barrat, Eur. Phys. J.
E 20, 355 (2006).
[27] A. Kabla and G. Debre´geas, Phys. Rev. Lett. 90, 258303
(2003).
[28] D. Bonn, P. Coussot, H. T. Huynh, F. Bertrand, and G.
Debre´geas, Europhys. Lett., 59, 786, (2002).
[29] H. Van Olphen, An Introduction to Clay Colloid Chem-
istry, 2nd ed., Wiley, New York (1977).
[30] A. Ajdari, seminar for the School in Les Houches, printed
by EDP Science, Springer-Verlag (1999); M. E. Cates,
seminar for the School in Les Houches, printed by EDP
Science, Springer-Verlag (2003).
[31] M. Kroon, G. H. Wegdam, and R. Sprik, Phys. Rev. E,
54, 6541, (1996).
[32] B. Abou, D. Bonn, and J. Meunier, Phys. Rev. E, 64,
021510, (2001).
[33] B. Ruzicka, L. Zulian, G. Ruocco, Phys. Rev. Lett., 93,
258301, (2004).
[34] D. Bonn, S. Tanase, B. Abou, H. Tanaka, and J. Meunier,
Phys. Rev. Lett., 89, 015701, (2002).
[35] R. Di Leonardo, F. Ianni, and G. Ruocco, Phys. Rev. E,
71, 011505, (2005).
[36] F. Ianni, R. Di Leonardo, S. Gentilini, and G. Ruocco
Phys. Rev. E 75, 011408 (2007).
[37] R. Di Leonardo, F. Ianni, G. Ruocco, J. Fluid Mech. 525,
27 (2005).
[38] J.-B. Salmon, S. Manneville, A. Colin, B. Pouligny, Eur.
Phys. J. AP 22, 143 (2003).
[39] B. Berne and R. Pecora, Dynamic Light Scattering, Wi-
ley, New York, (1976).
[40] B.J. Ackerson and N.A. Clark, J. Physique, 42, 929,
(1981).
[41] J.-P. Bouchaud and E. Pitard, Eur. Phys. J. E 6, 231
(2001).
